Introduction
============

Water is essential for plant growth; it carries nutrients to support plant growth and serves as a medium for *in vivo* reactions. However, climate change in recent years has accelerated the expansion of drylands, threatening the growth, yield, and quality of plants because of drought stress. Faced with the challenge of climate and environmental changes, breeders need to add new traits to improve tolerance to abiotic stresses ([@B12]). Although conventional breeding has increased the commercial quality of most modern crops, genetic methods also provide powerful tools to accelerate the progress of plant breeding.

Abscisic acid (ABA) is an important plant hormone involved in various physiological processes in plants, such as the response to abiotic stresses ([@B66]; [@B24]; [@B6]). When plants are subjected to abiotic stress, ABA rapidly accumulates, inducing stomatal closure to reduce water loss *via* transpiration ([@B88]; [@B20]).

Abscisic acid is synthesized from C40-carotenoids, which are oxidatively cleaved from neoxanthin by 9-*cis*-epoxycarotenoid dioxygenase (NCED) to yield xanthoxin, the direct C15 precursor of ABA ([@B65]). NCED is considered the rate-limiting enzyme in ABA biosynthesis ([@B36]; [@B39]; [@B62]), and this gene was first characterized from the ABA-deficient maize mutant *viviparous-14* (*vp14*) ([@B73]). Subsequently, *NCED* genes have been identified in other plants, such as tomato (*Lycopersicon esculentum*) ([@B11]), bean (*Phaseolus* *vulgaris*) ([@B59]), cowpea (*Vigna unguiculata*) ([@B34]), avocado (*Persea* *americana*) ([@B14]), *Arabidopsis* ([@B33]), *Vitis vinifera* ([@B70]), peanut (*Arachis hypogaea*) ([@B82]), and orange (*Citrus sinensis*) ([@B62]). *VvNCED1* and *VvNCED2* were first characterized from *Vitis vinifera* L. 'Shiraz' genomic DNA by [@B70]. *VvNCED* gene expression has been shown to be induced by water deficit ([@B59]; [@B14]; [@B82]; [@B62]) and salt stress ([@B34]).

Abscisic acid-deficient plants, *aba1*, *aba2*, and *aba3* were generated from *Arabidopsis* ([@B38], [@B40]); *notabilis* (*not*) ([@B11]; [@B75]) and *sitiens* ([@B2]) were generated from tomato; and *vp14* was generated from maize. These ABA-deficient plants showed reduced plant growth both under well-watered and drought stress conditions. Additionally, overexpression of *NCED* gene or exogenous ABA application greatly improved the growth of these ABA-deficient plants ([@B75]; [@B2]). Overexpression of *NCED* gene resulted in ABA accumulation and increased drought tolerance in tomato ([@B74]), cowpea ([@B33]), tobacco ([@B60]; [@B57]), peanut ([@B83]), rice ([@B72]), petunia ([@B20]), cotton ([@B71]), and *Arabidopsis* ([@B76]); moreover, it improved salt tolerance in creeping bent grass ([@B5]). Recently, a citrus *CsNCED3-*transformed tobacco exhibited an increased ABA content and drought resistance ([@B57]). Overexpression of *NCED* in tomato led to negative pleiotropic effects, such as overguttation, leaf-margin chlorosis, and seed dormancy ([@B74]). To avoid these negative effects, different inducible promoters were introduced to replace the constitutively expressed promoter 35S, such as stress-inducible promoter *rd29A* ([@B20]), Super-promoter (consisting of a trimer of the octopine synthase upstream activating element linked to the mannopine synthase promoter) ([@B74]), dexamethasone (DEX)-inducible promoter ([@B60]), and the AtNCED3p promoter (*AtNCED3* gene promoter) ([@B83]). Although *NCED* has been transformed in many species, it has not been transformed in woody plants yet.

'Zuoshan-1' (ZSY) is a grapevine variety breeding from Chinese local grapevine *Vitis amurensis* species, which has great performance on drought tolerance ([@B61]). In our study, a drought stress-induced *VaNCED1* gene from ZSY was transformed into a drought-sensitive grapevine variety *V. vinifera* L. 'Thompson Seedless' (TS), which is a very popular table grape variety in the world. We hypothesized that overexpression of *VaNCED1* would increase ABA content and improve drought tolerance of grapevines.

Materials and Methods {#s1}
=====================

Plant Materials and Growth Condition
------------------------------------

ZSY and TS were collected from Shangzhuang agricultural experimental station (China Agricultural University, Beijing, China). The tissue culture was developed from buds, which were induced from shoots of grapevine. Pre-embryogenic callus of TS was developed from anther culture grown on PIV medium ([@B22]) and subcultured on NB medium ([@B42]).

Tissue culture was propagated on WP medium ([@B47]) (PhytoTechnology Laboratories, Lenexa, KN, United States), containing 3% sucrose and 0.6% agar (pH 5.7 ± 0.05) in a growth room under 16 h 24°C/8 h 16°C light/dark cycle and 50% relative humidity.

Plants with 10 fully expanded leaves at a height of approximately 80 cm grown in 30 × 30 × 20 cm pot in soil were selected for drought treatment. The growth conditions were as follows: room temperature (25°C), and light intensity = 400 μmol⋅m^−2^⋅s^−1^. Water was withheld in the growth room for 50 days for dehydration treatment. Control plants were supplied with deionized water every 2 days. Plant growth was measured every 2 days after dehydration until day 6, proline content and superoxide dismutase (SOD) activity were measured in plant leaves after dehydration for 6 days, and photosynthesis rate, transpiration rate, and water use efficiency (WUE) were measured in plant leaves after dehydration for 26 days. In each of these assays, 3--5 plants repeats were used.

Polyethylene Glycol Treatments and Transcript Analysis of *NCED*
----------------------------------------------------------------

The response of ZSY and TS to osmotic stress was tested. Plants with five fully expanded leaves in tissue culture were treated with liquid MS ([@B52]) (PhytoTechnology Laboratories, Overland Park, KS, United States) containing 10% polyethylene glycol (PEG) 6000 and 20% PEG6000 separately. The grapevine leaves were collected at 0, 4, 8, 24, 48, 96, and 192 h after treatment. The primers for *Vitis NCED* (forward: 5′-CACACGCCGCCCTATACTTC-3′; reverse: 5′-CACCATACCTCTGCTCTCCA-3′) were used to determine the expression levels of *NCED* in ZSY and TS. The normalized expression level of *NCED* in each cultivar at 0 h was used as a control value (expression set to 1).

Total RNA Isolation and Quantitative Real-Time PCR (RT-qPCR)
------------------------------------------------------------

Total RNA was extracted from harvested samples using a Quick RNA isolation kit (Huayueyang, Beijing, China). First strand cDNA was synthesized from DNase-treated (Promega, Madison, WI, United States) total RNA using ImProm-II TM reverse transcriptase (Promega, Madison, WI, United States). Five hundred nano gram of total RNA was used in a 10-μL reaction mixture. The reactions were performed using a Roto-Gene Q real-time polymerase chain reaction (PCR) machine (Qiagen, Hilden, Germany) in a 10-μL reaction mixture containing 5 μL of SYBR Green Supermix, 0.2 μL of 10 μM primers, 50 ng of cDNA, and ddH~2~O added to a total volume of 10 μL.

*Vitis EFα* (XM_002284888) (forward primer: 5′-TCCAAGGCAAGGTACGATG-3′; reverse primer: 5′-CAGAGATGGGGACAAATGG-3′) and *Vitis actin* (AF369524.1) ([@B56]) (forward primer: 5′-AGCTGGAAACTGCAAAGAGCAG-3′; reverse primer: 5′-ACAACGGAATCTCTCAGCTCCA-3′) were used as two reference genes for data normalization. Experiments were carried out using Power SYBR Green PCR Master Mix (Applied Biosystems, Warrington, United Kingdom) in a StepOne^TM^ real-time PCR system (Applied Biosystems). The thermal cycling conditions were as follows: 95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 58°C for 15 s, and 72°C for 30 s. Specificity of the individual RT-qPCR amplifications was assessed using heat dissociation curves from 55 to 95°C after the final cycle. The fold change in mRNA expression was estimated using threshold cycles by the 2^−ΔΔCT^ method ([@B46]). Primers for RT-qPCR were designed using Beacon Designer ver. 7.0 (Premier Biosoft, Palo Alto, CA, United States).

*VaNCED1* Cloning, Sequencing, and Gene Structure Analysis
----------------------------------------------------------

The genomic DNA of ZSY was isolated from the stem using the cetyltrimethyl ammonium bromide (CTAB) method ([@B53]). A pair of primers to amplify the full-length open reading frame (ORF) of *VaNCED1* was designed using DNAman 6.0 software (Lynnon Biosoft LLC., San Ramon, CA, United States)^[1](#fn01){ref-type="fn"}^. The forward primer, UTRF, was 5′-CATCACACTACCCAACAGCC-3′, and the reverse primer, UTRR, was 5′-TCCTCGTCCTTTACACTCTCG-3′. PCR was performed in a 50-μL reaction system containing 50 ng of genomic DNA, 1 μM of each primer, 200 mM of deoxynucleotide triphosphates (dNTPs), 5 μL of Pfu DNA polymerase 10× reaction buffer with MgSO~4~, and 1.25 U Pfu DNA polymerase (Promega, Beijing, China). The PCR thermal cycling conditions were as follows: 95°C for 2 min, followed by 35 cycles of 95°C for 1 min, 58°C for 30 s, and 72°C for 2 min, and extension at 72°C for 5 min. PCR products were then isolated from the agarose gel blocks by electrophoresis and purified using QIAquick gel extraction kit (Qiagen, Valencia, CA, United States). The purified DNA was then cloned into the pGEM T-Easy vector (Promega, Beijing, China) and sequenced. The ORFs in the amplified DNA sequence were identified using the ORF finder at NCBI ^[2](#fn02){ref-type="fn"}^.

The resulting PCR products were sequenced and translated to obtain an amino acid sequence. VaNCED1 protein was aligned with NCED from *V. vinifera* 'Pinot Noir' (GenBank accession no. VV78X205727.5). *VaNCED1* and other reported *NCED* sequences were compared using DNAman 6.0 software. The full-length NCED amino acid sequences of other species were downloaded from NCBI.

Plasmid Constructs
------------------

The specific primers, NCEDbam (5′-ATA[GGATCC]{.ul}ATGGCTTCTCCTGC-3′) and NCEDsal (5′-TAT[GAGCTC]{.ul}TCAAGCTTGCTTCTC-3′) were used to amplify the full-length ORF of *VaNCED1* using Pfu DNA polymerase (Promega, Madison, WI, United States) from the VaNCED-T easy vector, and then it was introduced into the binary vector pBI121 (Clontech Labs, Palo Alto, CA, United States) using *BamH*I and *Sal*I restriction enzymes (New England Biolabs, Ipswich, MA, United States). In the new construct, the BamHI-SalI fragment replaced the *gus* reporter gene and *nos* terminator gene ([@B35]). This new construct was named pBI121-VaNCED-nos. The specific primers NOSecoF (5′-TAT[GAATTC]{.ul}GTCGACGAGCTCGAATTTCCCC-3′) and NOSecoR (5′-AGT[GAATTC]{.ul}CCGATCTAGTAACATAGATGA-3′) were used to amplify the *nos* sequence from the pBI121 plasmid, which was digested using the *EcoR*I restriction enzyme (New England Biolabs, Ipswich, MA, United States). After digestion, the *nos* fragment was introduced into the pBI121-VaNCED-nos construct, and the direction of *nos* was confirmed by PCR using the primers, NCEDbamF (5′-ATA[GGATCC]{.ul}ATGGCTTCTCCTGC-3′) and NOSecoR (5′-TAT[GAGCTC]{.ul}TCAAGCTTGCTTCTC-3′). This binary vector was transformed into *Escherichia coli* and verified by PCR. This new construct was named pBI121-VaNCED; it contained the *nptII* gene driven by the *nos* promoter and the *VaNCED1* gene driven by the *CaMV* *35S* promoter, and both were stopped by the *nos* gene. The vector was introduced into the disarmed *Agrobacterium* *tumefaciens* strain EHA105 ([@B30]) using the electroporation method.

Transformation and Identification of *VaNCED*
---------------------------------------------

*Agrobacterium tumefaciens* was cultured overnight at 28°C in liquid Luria-Bertani (LB) medium (10 g/L peptone, 5 g/L yeast extract, and 5 g/L sodium chloride) containing 25 mg/L kanamycin. The cells were collected by centrifugation at 5000 × *g* for 3 min. The pellets were then resuspended to approximately 1 × 10^8^ cells/mL in liquid MS medium supplemented with 20 μM acetosyringone (PhytoTechnology Laboratories, Overland Park, KS, United States). The resuspended *Agrobacterium tumefaciens* cells were dropped onto the embryogenic callus of TS ([@B1]). The callus was cultured on PT medium lacking activated charcoal and supplemented with 4 μM picloram, 2.3 μM thidiazuron (TDZ), and 100 μM acetosyringone for 48 h. The callus was then divided into small clusters and subcultured on PT medium containing 100 μg/mL kanamycin and 300 μg/mL cefotaxime. After selection, the germinated embryos were transferred to WP medium. The plantlets developed from embryos were then transferred to the growth room, and cultured in 0.5-L pots with a potting mixture consisting of vermiculite, sand, and soil (1:1:1, v/v/v).

Genomic DNA was isolated from the young leaves of WT and putative transgenic plants according to a modified CTAB method. PCR detection of *nos* gene was carried out with specific forward primer (nos-F: 5′-ATTGCGGGACTCTAATCATA-3′) and reverse primer (nos-R: 5′-ATCGTTCAAACATTTGGCA-3′). PCR amplifications were carried out at 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 60 s, with a final elongation at 72°C for 10 min. PCR products were separated by 1% (w/v) agarose gel electrophoresis.

Analysis of Phytohormones and Transcript of Phytohormone-Related Genes
----------------------------------------------------------------------

Abscisic acid, jasmonic acid (JA), and salicylic acid (SA) were extracted as described by [@B45]. The fourth and fifth fully expanded leaves from WT and transgenic plants were ground to powder in liquid nitrogen for hormone extraction. Then, 150 mg of the ground powder was transferred to 2-mL tubes containing 50 μL of the internal standard working solution and 0.5 mL extraction solvent (2-propanol/H~2~O/concentrated HCl = 2/1/0.002, v/v/v), which were then shaken for 30 min at 4°C. The extraction from the suspension was carried out with 1 mL of dichloromethane by shaking at 4°C for 30 min. The mixture was centrifuged at 10,000 × *g* for 5 min. The lower phase was transferred and concentrated. The concentrated residue was then redissolved in 100 mL of methanol. For high-performance liquid chromatography-electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS) analysis, 50 mL of the sample solution was injected into a reverse-phase C18 column (see **Table [1](#T1){ref-type="table"}** for HPLC gradient).

###### 

High-performance liquid chromatography (HPLC) gradient program used to separate phytohormones.

  Time (min)   Methanol (%)   0.01% Formic acid (%)   Flow rate (mL/min)
  ------------ -------------- ----------------------- --------------------
  10           5.0            95.0                    0.15
  40           15.0           85.0                    0.15
  50           85.0           15.0                    0.15
  60           5.0            95.0                    0.15
  70           5.0            95.0                    0.15

The expression of *allene oxide cyclase* (*AOC*) (GenBank accession no. GSVIVT01036445001), *12-oxophytodienoate reductase* *3* (*OPR3*) (GenBank accession no. NM_001281046.1), *phenylalanine ammonia lyase* (*PAL*) (Locus name: GSVIVG01025703001) and *isochorismate synthase* (*ICS*) (Locus name: GSVIVT01008052001) in WT and transgenic plants under normal conditions and after withholding water for 30 days was determined by RT-qPCR as described above. The primers for these genes were as follows: *VvAOC* forward (5′-CGCTCCACTCCACACACTAC-3′) and reverse (5′-CTTCCACGGTCTCTCTCATT-3′); *VvOPR3* forward (5′-AGGCGTGGAAGAAGGTTGTG-3′) and reverse (5′-GCTGGTTGATGATATGGGTG-3′), *VvPAL* forward (5′-AATGGTTGGTGATGTGTTG-3′) and reverse (5′-ATGAGTCTGTTCCGTTCC-3′); and *VvICS* forward (5′-GTTCTTCCGACATATTCA-3′) and reverse (5′-CATTCAGATGATACATTAGC-3′). To analyze total *NCED* expression, the forward primer TNF (5′-CACACGCCGCCCTATACTTC-3′) and the reverse primer TNR (5′-CACCATACCTCTGCTCTCCA-3′) were designed. To amplify the *VaNCED1* cisgene, a forward primer VANF (5′-AGAAGCAAGCTTGAGAAT-3′) at the junction region between the *EcoR*I restriction site and the *VaNCED1* sequence, and a reverse primer VANR (5′-TATTTTGTTTTCTATCGCGT-3′) at the second *EcoR*I enzyme site were designed.

Dehydration Response Evaluation
-------------------------------

Dehydration and growth assays were performed using regenerated plants growing in 30 × 30 × 20 cm pots in the growth room. WT and transgenic plants with 10 fully expanded leaves at a height of approximately 80 cm were subjected to drought stress by withholding water for 50 days. Three-to-five plants were used in this assay. Plant height was measured at 10:30 in the morning every 2 days until there was no shoot elongation.

Stomatal Bioassays
------------------

The fourth and fifth fully expended leaves were sampled to determine stomatal density, epidermal cell density, stomatal aperture, and stomatal size. Each sample was immersed in 20% NaClO solution overnight, stained with safranin for 4 min, and then washed twice with distilled water. The leaf was placed on a glass slide gently then put a cover glass on it. The slides were photographed with a Jenoptik ProgRes C5 camera attached to a Carl Zeiss Scope A1 microscope and analyzed using ProgRes^®^ CapturePro 2.8.8 software (Jenoptik Optical Systems, Jena, Germany). For statistical analysis of cell density, stomatal aperture, and stomatal size, three leaves were sampled for each of three plants, and 250--300 microscopic fields were examined for each plant. Stomatal density = number of stomata in field/field area (μm^2^). Epidermal cell density = number of epidermal cells in field/ field area (μm^2^).

Photosynthesis (P), Transpiration (T) Rates, and Conductance (S)
----------------------------------------------------------------

Photosynthesis (P), transpiration (T) rates, and stomatal conductance (S) were measured using a portable photosynthesis system LI-COR LI-6400 (Li-Cor, Lincoln, NE, United States) in the morning (10:00 to 11:00 AM). The first fully expanded leaves were selected for the assay. WUE was defined as the P/T ratio and derived from the measured *P* and *T* values. These parameters were measured under normal conditions and 26 days after withholding water. Five measurements were performed for each plant, and three plants were tested for each line.

Proline Measurement
-------------------

Proline content was measured using a ninhydrin-based colorimetric assay ([@B7]). The fourth and fifth fully expanded leaves from WT and transgenic plants were sampled on days 0 and 6 after dehydration. Proline concentration was determined from a standard concentration curve.

SOD Activity Assay
------------------

Superoxide dismutase (SOD, EC 1.15.1.1) activity was measured using SOD assay kit (Nanjing Jiancheng Bio-Institute, Nanjing, China). The fourth and fifth fully expanded leaves were sampled on days 0 and 6 after dehydration. Tissue samples (0.5 g) were homogenized in 4 mL of a reaction buffer containing 1% (w/v) polyvinylpyrrolidone and 50 mM sodium phosphate buffer (pH = 7). The homogenate was centrifuged at 10,000 × *g* for 30 min at 4°C. The resulting supernatant was collected as a crude enzyme extract, and SOD activity was determined ([@B55]).

Transcript Analysis of Drought-Related Genes
--------------------------------------------

The expression of *ABA-responsive element binding protein 1* (*AREB1*) ([@B87]), *ABRE binding factors 2* (*ABF2*) (GenBank accession no. FQ380275.1), *Plasma membrane intrinsic proteins 2* (*PIP2*) (GenBank accession no. KJ697715.1), *C-repeat/DRE-Binding Factor 4* (*VvCBF4*) ([@B87]) and *ABA-insensitive 5* (*ABI5*) (GenBank accession no. XM_010655778.2) in WT and transgenic plants under normal conditions and after withholding water for 30 days was analyzed by RT-qPCR as described above. The primers for these genes were as follows: *VvAREB1* forward (5′-CTTCCATATACTCCTTGACC-3′) and reverse (5′-AGGCAATGTCAAAGAACCC-3′); *VvABF2* forward (5′- GCCATGACTCTCTCTCCTGT-3′) and reverse (5′-GAACCTTCTACCTCCAACTA-3′); *VvPIP2* forward (5′-GTTTGGGGGCTGCTGTTATC-3′) and reverse (5′-GGTAGAAGGCTGCAATGGCT-3′), *VvCBF4* forward (5′-ACCCTCACCCGCTCGTATG-3′) and reverse (5′-CCGCGTCTCCCGAAACTT-3′); and *ABI5* forward (5′-GCCATGACTCTCTCTCCTGT-3′) and reverse (5′-GAACCTTCTACCTCCAACTA-3′).

Data Analysis
-------------

All experimental data were expressed as the means of at least three independent biological repeat and each repeat has three replicates. The data were compared using Duncan's multiple range test. A *P*-value \< 0.05 was considered statistically significant. All statistical analyses were performed using IBM SPSS Statistics V22.0 (SPSS, Chicago, IL, United States).

Results
=======

Changes in the Expression of *NCED* After PEG Treatment
-------------------------------------------------------

To compare osmotic tolerance of ZSY and TS, the plants were subjected to tissue culture medium containing 10 or 20% PEG6000 (**Figure [1](#F1){ref-type="fig"}**). ZSY showed better resistance than TS. Wilting was not observed in ZSY subjected to 10% PEG6000 treatment, whereas TS showed wilting after 4 h, followed by severe wilting, chlorosis, and water loss symptoms (**Figure [1A](#F1){ref-type="fig"}**). At the highest concentration of PEG6000 (20%), TS plants showed wilting at 4 h, and ZSY showed mild water loss at 8 h and wilt symptoms on day 1 (**Figure [1B](#F1){ref-type="fig"}**). Plants added to the same volume of liquid MS were used as a control (**Figure [1C](#F1){ref-type="fig"}**). PEG6000 treatment (10%) upregulated the expression level of *NCED* in ZSY and reached the peak on day 2. The expression level of *NCED* in TS was much higher than that in ZSY, and peaked earlier at 8 h (**Figure [1D](#F1){ref-type="fig"}**). In TS, the expression level of *NCED* under 20% PEG6000 treatment was significantly lower than that under 10% PEG6000, while in ZSY, the expression level of *NCED* under 20% PEG6000 treatment was higher than that under 10% PEG6000 treatment. The difference in *NCED* expression between the two plants indicated that TS, but not ZSY, could not respond to stress induced by 20% PEG6000. These two experiments showed that TS was much more sensitive to water stress than ZSY, and *NCED* expression responded to water stress in both ZSY and TS under low concentration of PEG6000. Therefore, we deduced *NCED* might play an important role in water stress, and the regulatory ability of *NCED* in ZSY could maintain its drought-tolerant phenotype under severe dehydration.

![Phenotypes of 'Thompson seedless' (TS) and 'Zuoshan-1' (ZSY) plants under different stress conditions *in vitro*. The osmotic stress treatments were examined at 0, 4, 8 h, 1, 2, 4, and 8 days in the growth room. Fully expanded leaves of 3--4 plants were treated with 10% PEG6000 to induce mild osmotic stress **(A)**, 20% PEG6000 to induce severe osmotic stress **(B)**, or liquid MS for control conditions **(C)**. Determination of the relative transcript levels of *NCED* in 'Zuoshan-1' and 'Thompson Seedless' in response to osmotic stress treatment **(D)**. The leaves were obtained for the total RNA isolation. *EFα* and *Vitis actin* were used as two reference genes for data normalization. Data are expressed as the mean ± SD from 3 independent experiments.](fpls-09-00970-g001){#F1}

Identification of Grapevine *NCED* Gene
---------------------------------------

The full-length DNA of *VaNCED1* consisted of 1833 bp nucleotides. *VaNCED1* contained an ORF encoding a polypeptide of 611 amino acids (GenBank accession number [MG603069](MG603069)), with a calculated molecular weight for the putative protein of 67.193 kDa and an isoelectric point of 7.84. The amino acid sequence of VaNCED1 shared 97% identity with that of NCED1 (AM468138.1) from *V. vinifera* 'Pinot Noir' (**Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}**), 97% with NCED1 (NM_001281270) from *V. vinifera* 'Tannatand,' 97% with NCED1 (AY337613.1) from *V. vinifera* 'Shiraz,' and 78% with that of NCED2 (NM_001281271.1). The four different amino acids were not located within the four conserved areas. VaNCED1 shared a highly conserved core region with orthologous proteins from various plant species (**Figure [2](#F2){ref-type="fig"}**). The protein BLAST results showed that the predicted protein sequence of VaNCED1 shared 71.21, 71.65, 71.86, 71.97, 72.64, and 75% identity with NCEDs from *P.* *vulgaris*, *Zea* *mays vp14*, *Solanum lycopersicum, V.* *unguiculata*, *Arabidopsis* *thaliana*, and *Arachis* *hypogaea.* This high similarity suggested that VaNCED1 is a member of the NCED family. Conserved regions and four conserved histidine residues around these regions ([@B10]; [@B73]) were all found in VaNCED. Analysis of sequence similarity suggested that *VaNCED1* encoded a putative NCED.

![Multiple alignments of the deduced amino acids of VaNCED1 with other NCEDs from bean PvNCED1 (AF190462), cowpea VuNCED1 (AB030293), peanut AhNCED1 (AJ574819), tomato LeNCED1 (Z97215), *Arabidopsis* AtNCED3 (AY056255), and maize ZmVP14 (U95953). Black color represents the homologous regions. I, II, III, and IV indicate the conserved sequences. The four histidine residues are marked with asterisks.](fpls-09-00970-g002){#F2}

Transformation and Screening of Transgenic Grapevines
-----------------------------------------------------

Anthers were separated under a microscope and inoculated on PIV medium (**Figure [3A](#F3){ref-type="fig"}**). Pre-embryogenic calli with a yellowish color and compact structure were successfully induced on PIV medium in 2 months (**Figure [3B](#F3){ref-type="fig"}**) and were then subcultured on NB medium for proliferation.

![Transformation and selection of plants. Separated anthers were inoculated on PIV medium **(A)**. Induced somatic embryogenic culture from anthers after cultivation **(B)**. Callus of Thompson seedless on the selection medium for 2 months after transformation with the *VaNCED1* gene **(C)** and enlarged view **(D)**. Regenerated wild-type (WT) and putative transgenic plants *in vitro* **(E)** and in soil **(F)**. Validation of putative transgenic plants by PCR amplification of the *nos* terminator **(G)**. M, DL2000 marker; WT, wild-type negative control; P, plasmid pBI121-VaNCED1; 1--6, putative transgenic grapevine lines. Bar = 1 mm.](fpls-09-00970-g003){#F3}

The plasmid pBI121-VaNCED1 harboring *VaNCED1* was constructed and transformed into TS. After 2 months of selection, the pre-embryogenic callus shrank and turned brown on the selection medium (**Figure [3C](#F3){ref-type="fig"}**). The putative transgenic callus was distinguished by its white color and rapid growth rate (**Figure [3D](#F3){ref-type="fig"}**). The germination of transgenic somatic embryos took 3--4 months longer than that of the WT embryos. Few somatic embryos developed into plants (**Supplementary Figure [S2A](#SM2){ref-type="supplementary-material"}**), whereas most somatic embryos transformed into malformed plants without normal cotyledon and root formation (**Supplementary Figure [S2B](#SM2){ref-type="supplementary-material"}**). Six transgenic callus clusters were selected from 800 clusters on the selection medium, and six constitutively overexpressed *VaNCED1* (CVAN) putative lines were successfully regenerated from these six embryogenic transformants (**Figure [3E](#F3){ref-type="fig"}**). The plants were then transplanted into pots in a growth room (**Figure [3F](#F3){ref-type="fig"}**). Two lines were confirmed *nos* gene-positive by PCR detection (**Figure [3G](#F3){ref-type="fig"}**).

Changes in the Leaf Phytohormones and Phytohormone-Related Genes in Transformants
---------------------------------------------------------------------------------

To measure the expression of exogenous *VaNCED1*, primers were designed according to the specific region in the restriction enzyme site of the plasmid pBI121-VaNCED. *VaNCED1* expression was not detected in the WT plants; the expression level of *VaNCED1* in transgenic plants are calculated by defined total *NCED* in WT as 1. CVAN4 and CVAN5 showed a 5.06- and 8.82-fold accumulation of *VaNCED1* transcripts (**Figures [4A,B](#F4){ref-type="fig"}**). We then determined the expression level of total *NCED* mRNA and ABA in the WT and transgenic lines. Primers were designed according to the conserved coding region of *VaNCED1* and *VvNCED1*, and mRNA was amplified from both endogenous *VvNCED1* and exogenous *VaNCED1*. The expression of total *NCED* in CVAN4 and CVAN5 lines was 9.1- and 10.39-fold higher than that in the WT plants (set as 1) respectively under control conditions (**Figure [4B](#F4){ref-type="fig"}**). ABA content in CVAN4 was significantly higher than that in WT and CVAN5 plants, with a 2.18-fold increase under control conditions (**Figure [4C](#F4){ref-type="fig"}**), whereas ABA content in CVAN5 slightly decreased, compared to that in the WT plants.

![Determination of phytohormone and relative transcript levels of phytohormone-related genes. *VaNCED1* mRNA content **(A)**, total *NCED* mRNA content **(B)**, abscisic acid (ABA) content (ng/g) **(C)**, *VvAOC* mRNA content **(D)**, *OPR3* mRNA content **(E)**, JA content (ng/g) **(F)**, *VvPAL* mRNA content **(G)**, *VvICS* mRNA content **(H)**, and SA content (ng/g) **(I)** of the WT and transgenic lines under normal conditions. The leaves were obtained for the total RNA isolation. *EFα* and *Vitis actin* were used as two reference genes for data normalization. Data are expressed as the mean ± SD from 3 independent experiments. Different letters indicate significant differences (*P* \< 0.05) determined by Duncan's multiple range test (*P* \< 0.05) using SPSS statistical software. Gene expression in the WT plants under the same conditions was defined as 1. Because *VaNCED1* cannot be detected in WT, The expression level of *VaNCED1* in transgenic plants are calculated by defined total *NCED* in WT as 1.](fpls-09-00970-g004){#F4}

Besides ABA, JA has diverse roles under abiotic stresses and is associated with ABA biosynthesis. *AOC* and *OPR3* are two important genes in JA biosynthesis ([@B64]). In our study, both *VvAOC* and *VvOPR3* expression levels increased in WT plants after dehydration treatment (11.32-fold and 3.36-fold respectively compared to control condition). These two genes in transgenic lines were all increased after dehydration than normal condition (**Figures [4D,E](#F4){ref-type="fig"}**). JA content in CVAN4 and CVAN5 plants were 4.06- and 0.91-fold of that present in the WT plants under control conditions, which was consistent with ABA content (**Figure [4F](#F4){ref-type="fig"}**).

Salicylic acid was reported to be involved in physiological and metabolic responses in plants ([@B27]). PAL and ICS are two enzymes associated with SA synthesis ([@B13]). The expression level of *VvPAL* and *VvICS* showed no significant difference under control conditions (**Figures [4G,H](#F4){ref-type="fig"}**). However, the expression level of *VvPAL* and *VvICS* showed no difference between the transgenic and WT lines. However, these two genes all respond to drought treatment. The content of SA in the transgenic lines decreased than that in the WT lines.

*VaNCED1* Improved Growth Rate and Drought Stress Response of Grapevine
-----------------------------------------------------------------------

The transgenic plants exhibited faster growth and better drought tolerance, compared to the WT plants under drought condition (**Figure [5](#F5){ref-type="fig"}**). Shoot length was measured on days 0, 2, 4, and 6. Under normal conditions, transgenic CVAN5 plants (7.9 cm) grew faster than CVAN4 (5.1 cm) and WT (5.25 cm) plants (**Figure [5A](#F5){ref-type="fig"}**). After 4 days without watering, the shoot length significantly increased in the CVAN4 (2.68 cm) and CVAN5 (3.95 cm) transgenic plants, compared to that in the WT plants (0.875 cm). After dehydration for 6 days, the shoot tip of the WT plants showed severe wilting symptoms (−0.18 cm), whereas CVAN5 plants showed slight wilting (0.1 cm), and CVAN4 plants showed no stress symptoms (0.32 cm) (**Figure [5B](#F5){ref-type="fig"}**). These results indicated that under normal conditions, the CVAN5 plants grew faster than the CVAN4 and WT plants, whereas under drought conditions, the CVAN4 plants showed better drought resistance.

![Improved plant growth rate and drought resistance. Increased growth rate of transgenic and non-transgenic plants after dehydration treatment **(A)**. Plant length was measured at 0, 2, 4, and 6 days. Values are means ± SD for three independent experiments. Shoot tips of the WT and transgenic plants after dehydration for 6 days **(B)**. Drought tolerance of WT and transgenic plants (CVAN4) in a growth room **(C)**. Images were obtained for plants without irrigation on days 0, 15, 30, and 50.](fpls-09-00970-g005){#F5}

There were no visible phenotypic differences between the WT and transgenic plants when fully irrigated (**Figure [5C](#F5){ref-type="fig"}**). On day 15 of dehydration, the leaves of the WT and CVAN4 plants showed dryness symptoms. After withholding water for 30 days, only the margins of leaves in CVAN4 plants turned yellow and showed wilting, whereas approximately half of full leaves turned yellow in the WT plants. After 50 days of drought treatment, most leaves of the WT plants turned yellow and fell; however, the upper leaves of *VaNCED1* transgenic plants were still green. The transgenic plants in this experiment exhibited improved drought tolerance.

*VaNCED1* Altered Stomatal Density and Photosynthesis Rate of Grapevine
-----------------------------------------------------------------------

To further analyze drought tolerance, we measured the surface leaf cells and photosynthesis. The average stomatal density of the CVAN4 and CVAN5 plants was 42.54 and 25.77% less than that of the WT plants (**Figures [6A,B](#F6){ref-type="fig"}**). The density of epidermal cells in the CVAN4 and CVAN5 plants was 12.23 and 1.54% lower than that in the WT plants (**Figure [6C](#F6){ref-type="fig"}**). The stomatal aperture in CVAN5 plants was less than that in the WT and CVAN4 plants (**Figure [6D](#F6){ref-type="fig"}**). Moreover, CVAN4 plants exhibited slightly larger stomata with an average size of 27.51 μm (length) by 18.71 μm (width) μm, whereas the size of the CVAN5 and WT plants was 25.55 by 17.83 μm and 24.79 by 17.67 μm, respectively (**Figure [6E](#F6){ref-type="fig"}**). The reduced stomatal density suggested decreased CO~2~ exchange, which was consistent with the lower rate of photosynthesis in transgenic lines, compared to that in WT plants under normal conditions (**Figure [6F](#F6){ref-type="fig"}**). However, a higher rate of photosynthesis under dehydration conditions implied that transgenic lines exhibited enhanced drought resistance, compared to the WT line. Similarly, the transpiration rates of transgenic plants were also significantly higher than those of the WT plants after treatment (**Figure [6G](#F6){ref-type="fig"}**). WUE decreased in the transgenic plants under normal and drought conditions (**Figure [6H](#F6){ref-type="fig"}**).

![Epidermal images of the WT and transgenic (CVAN4) plants under × 400 magnification **(A)**. Stomatal **(B)** and epidermal cell **(C)** density, stomatal aperture **(D)**, and stomatal size **(E)** of the WT and transgenic plants. Values represent the means ± SD (*n* = 250--300). Photosynthesis rate **(F)**, transpiration rate **(G)**, and water use efficiency **(H)** under normal conditions and after dehydration for 26 days. Values are means ± SD for three independent experiments. Values with the same letter are not significantly different compared to the WT according to Duncan's multiple range test (*P* \< 0.05). Bar = 30 μm.](fpls-09-00970-g006){#F6}

Effects of *VaNCED1* on Proline and SOD Contents
------------------------------------------------

Accumulation of inorganic ions and compatible solutes is a mechanism of osmotic adjustment in plants ([@B4]). Proline is a very important compatible solute, which can reduce the osmotic potential of plant tissue. Accumulation of proline in plants improves their resistance to drought stress ([@B85]). SOD is an important component of the antioxidant defense system, which counteracts reactive oxygen species (ROS)-induced toxicity ([@B80]). We determined proline and SOD contents in the WT and transgenic plants under normal conditions and after 6 days of drought treatment. Accompanying the increased drought tolerance, the proline content (**Figure [7A](#F7){ref-type="fig"}**) and level of the antioxidant enzymes SOD (**Figure [7B](#F7){ref-type="fig"}**) was lower in the transgenic lines compared with the WT plants both under normal and drought stress conditions. Since proline and SOD levels are indicative of damage in plants, this suggested that transgenic plants were less sensitive to drought stress than WT plants.

![Proline **(A)** and SOD **(B)** contents in the WT and transgenic plants on days 0 and 6 under dehydration treatment. Values are means ± SD for three independent experiments. Values with the same letter are not significantly different compared to the WT under the same condition according to Duncan's multiple range tests (*P* \< 0.05).](fpls-09-00970-g007){#F7}

Transcript Analysis of Stress-Responsive Genes
----------------------------------------------

Besides stomatal closure, plants respond to increased ABA concentration by inducing the expression of dehydration-related genes to help plants survive under stress conditions ([@B79]; [@B15]). These genes encode proteins that help plants to maintain water uptake under drought stress by accumulating solutes in the cytoplasm, thus lowering water potential, preserving cell turgor, and minimizing water loss. Therefore, we compared the expression of stress-responsive genes between the WT and transgenic plants under normal conditions and after 30 days of drought stress. First, we measured the expression of total *NCED* in the WT and transgenic plants under drought stress. Compared with the WT plants under normal conditions, the expression level of total *NCED* in the WT plants under drought stress showed a 6.42-fold increase, whereas total *NCED* expression in the CVAN4 and CVAN5 lines changed by 1.37- and 0.73-fold, respectively (**Figure [8A](#F8){ref-type="fig"}**). ABRE-binding protein (AREB)/ABRE binding factors (ABFs) binds to the ABA-responsive element (ABRE) in their promoter region ([@B23]). *AREB*/*ABFs* are involved in ABA and stress signaling in *Arabidopsis* ([@B78]; [@B23]), rice ([@B32]), and grapevine ([@B8]; [@B87]). PIPs represent one of four groups of aquaporins present in the plasma and vascular membranes that play important roles in plants under drought stress ([@B3]). As shown in **Figure [8](#F8){ref-type="fig"}**, *VvAREB1* (**Figure [8B](#F8){ref-type="fig"}**), *VvABF2* (**Figure [8C](#F8){ref-type="fig"}**), and *VvPIP2* (**Figure [8D](#F8){ref-type="fig"}**) were upregulated in the transgenic lines under both normal and dehydrated conditions, which was consistent with the increased drought resistance. The expression level of *VvCBF4* showed no difference under control condition, while the expression level of CVAN5 increased more than the WT and CVAN4 (**Figure [8E](#F8){ref-type="fig"}**). Compared to the expression level of *VvABI5* in WT, the level of *VvABI5* increased in CVAN4 (1.24-fold) and CVAN5 (5.45-fold) (**Figure [8F](#F8){ref-type="fig"}**). And the expression level of *VvABI5* was drastically induced by drought stress, the increasing fold is 139.86 (WT), 473.81 (CVAN4) and 20.94 (CVAN5). These results showed that *VaNCED1* gene could greatly improve drought tolerance in plants.

![Determination of relative transcript levels of drought-related genes. Total *NCED* expression **(A)**, *VvAREB*1 **(B)**, *VvABF*2 **(C)**, *VvPIP2* **(D)**, and *VvCBF5* **(E)** mRNA expression in the WT and transgenic lines under normal conditions and after dehydration for 30 days. The leaves were obtained for the total RNA isolation. *EFα* and *Vitis actin* were used as two reference genes for data normalization. Data are expressed as the mean ± SD from 3 independent experiments. Different letters indicate significant differences (*P* \< 0.05) determined by Duncan's multiple range test (*P* \< 0.05) using SPSS statistical software. Gene expression in the WT plants under the same conditions was defined as 1.](fpls-09-00970-g008){#F8}

Discussion
==========

'Zuoshan-1' is a variety selected from native grapevine in China, with excellent biotic and abiotic stress resistance. We chose this genotype as a donor with a pool of candidate resistant genes in this study. First, we compared water stress resistance and expression level of the candidate gene *NCED* in ZSY with those in a drought-sensitive grapevine TS. Based on the phenotype and RT-qPCR assay results, we concluded that *NCED* was induced by water stress in ZSY (**Figure [3](#F3){ref-type="fig"}**), and this gene contributed to its drought-tolerant phenotype. We then cloned *NCED* from ZSY and compared this gene with *NCED*s from other species. The sequence showed a high similarity with drought stress-induced NCEDs, which suggested that VaNCED encoded a putative NCED (**Figure [1](#F1){ref-type="fig"}**). VaNCED1 shared the highest similarity with AhNCED1 (75%) from peanut, which has been shown to be upregulated by drought stress ([@B82]). Additionally, overexpression of *AhNCED1* was found to improve drought stress tolerance in transgenic *Arabidopsis* ([@B83]). Thus, we suggested that *NCED1* in ZSY might be a good candidate gene for increasing plant drought tolerance.

*VaNCED1* Induced Seed Dormancy of Somatic Embryos
--------------------------------------------------

The first distinguishable feature of the *VaNCED1* transformants was the arrestment of somatic embryos and the lower transformation rate. The germination of transgenic somatic embryos exceeded 6 months, which was 3--4 months longer than that required for the WT somatic embryos; additionally, only few embryos were induced well into plants. A similar finding has also been reported in transgenic *Arabidopsis* with the chimeric gene *pABRE:NCED* ([@B54]). The transgenic seeds of *Arabidopsis* exhibited deep dormancy, which lasted more than 3 months longer than that of the control seeds.

It is well known that ABA metabolism is highly regulated when plants are grown in a water-deficient environment. Moreover, ABA plays a central role in the induction and maintenance of seed dormancy; additionally, it inhibits the transition from embryonic to germination growth ([@B63]). The earliest ABA-deficient mutants are germinating revertants selected from non-germinating GA-deficient mutants ([@B38]). Inhibition of NCED may shorten the germination time of tomato and lettuce ([@B6]). Although low concentrations of ABA (0--1 μM) stimulate the elongation of embryos and normal embryo induction, high concentrations of ABA (10--100 μM) result in growth inhibition of somatic embryos. This phenomenon also has been reported in cactus *Copiapoa tenuissima* Ritt ([@B43]) and transgenic tomato with the *LeNCED* gene ([@B77]). These studies can help to explain the arrestment of somatic embryos in *VaNCED1*-overexpressing grapevines in this study.

The overexpression of *VaNCED1* also increased the malform rate of somatic embryos. In this study, the selected putative transgenic somatic embryogenic lines (**Figure [3D](#F3){ref-type="fig"}**) were less vigorous and darker than those observed in our previous thaumatin-like protein transgenic experiment ([@B28]) previously. The cotyledonary somatic embryos shown in **Supplementary Figure [S2B](#SM2){ref-type="supplementary-material"}** represent plants developed with two separated cotyledons, but without a normal shoot apical meristem. Similar effect of ABA was found after ABA (5 × 10^−7^ M) treatment on somatic embryos of *Liriodendron tulipifera.* The induction of somatic embryos was inhibited, meanwhile malformed somatic embryos with separated cotyledons were developed, but they rarely transfered into plantlets ([@B48]).

Although the arrestment of somatic embryo developmentis an important negative effect of *NCED* overexpression, the most popular propagation method for grapevine is cuttage, the use of which can prevent this drawback. Other visual phenotypes associated with *NCED* gene in transgenic tomato, such as leaf-flooding, guttation, and yellow interveinal sectoring ([@B74]; [@B77]) were not observed in the transgenic grapevine plants.

*VaNCED1* Altered Phytohormone Content and Gene Expression
----------------------------------------------------------

To investigate the relationship between the transgene *VaNCED1* and endogenous *VvNCED1*, we determined the expression level of *VaNCED1* and total *NCED* (**Figures [4](#F4){ref-type="fig"}**, **[8](#F8){ref-type="fig"}**). Our results indicated that the expression of exogenous *VaNCED1* increased the expression of total *NCED* expression in transgenic plants under normal condition (**Figure [8A](#F8){ref-type="fig"}**). This suggested the presence of a positive feedback mechanism of *NCED* gene expression in grapevine. This feedback mechanism was also reported in *Arabidopsis* ([@B54]).

Up-regulation of total *NCED* expression in the transgenic plants also contributed to ABA accumulation in CVAN4 plants. Unexpectedly, ABA content in CVAN5 plants was lower than that in the WT plants, opposite to the results of total *NCED* expression (**Figures [4A--C](#F4){ref-type="fig"}**). This might explained by the complex transportation mechanism of ABA. Although ABA is synthesized from both roots and shoots, the content of ABA in each organ depends on a complex transportation mechanism. First, the over-accumulated NCED in transgenic plants modified the pH in the cellular environment. Since the ABA signal in grapevine was shown to be intensified along with the pH gradient in vine ([@B44]), we speculated the change of pH in plants expelled ABA from the synthesized location. Besides pH, the ABA accumulation is closely correlated with stomatal density, proline content ([@B86]), drought conditions, stomatal aperture and stomatal transpiration rate (reviewed by [@B41]). The difference of all these factors in each line of grapevines could have contributed to the difference of NCED gene expression level and ABA content in leaves.

Abscisic acid signaling pathway is a complex network, while JA share common targets in the signaling pathways of ABA ([@B16]). In this study, the increase of ABA content in transgenic plants also induced accumulation of JA in grapevine leaves (**Figure [4F](#F4){ref-type="fig"}**). The expression level of *VvOPR3* is of same trend with ABA content under normal condition (**Figure [4E](#F4){ref-type="fig"}**). This is due to the fact that ABAregulates the induction of the *OPR3* gene in plants. This regulation was reported in a tomato mutant *flacca* (*flc*, ABA-deficient) ([@B50]). In this study, the level of *OPR3* remained above basal levels under drought condition, which suggested that JA and *OPR3* were regulated by ABA.

Salicylic acid exhibits synergistic effects with JA ([@B51]). However, in our study, the over-accumulation of ABA decreased SA content under normal condition (**Figure [4I](#F4){ref-type="fig"}**). This might be explained as the way ABA effect on SA is not rapidly but in a moderated pattern. This pattern is proved in *flc* ([@B50]). In their study, the SA level of *flc*s decreased in the first 3 h of drought treatment, then increased progressively for 24 h, which is different from the increased expression of ABA and JA level.

Overexpression of *VaNCED1* Improved Growth Performance and Drought Resistance in Grapevine
-------------------------------------------------------------------------------------------

Overexpression of *VaNCED1* increased the growth rate than WT. *NCED* gene has been transformed into many species, such as tomato (*S. lycopersicum*) ([@B74]), *Arabidopsis thaliana* ([@B83]), tobacco (*Nicotiana plumbaginifolia*) ([@B60]), and tobacco (*Nicotiana tabacum*) ([@B88]), resulting in the accumulation of ABA and improved drought resistance. While the *NCED*-silenced tomato mutant *not* ([@B75]) greatly reduced shoot and root development than WT.

In the current study, although the growth rate of CVAN5 plants was higher than that of the WT and CVAN4 plants under slight drought stress, the 'stunt' CVAN4 plants showed the highest growth rate on day 6 (**Figure [5](#F5){ref-type="fig"}**). This might be explained by the dual roles of ABA in the physiological regulation of plant growth. A slight increase in ABA concentration (**Figure [4C](#F4){ref-type="fig"}**) could improve plant growth performance, whereas a great increase in ABA concentration could inhibit plant growth but help plants to survive through drought resistance.

*VaNCED1* Decreased Stomatal Density and Photosynthesis in Grapevine
--------------------------------------------------------------------

The improved drought resistance in transgenic plants might be induced by changes in stomata, photosynthesis system, antioxidants, and proline content. We first analyzed the stomatal density of leaf epithelial cells. Our results showed that stomatal density was significantly reduced in the transgenic CVAN4 plants, accompanied with excellent drought tolerance (**Figure [6](#F6){ref-type="fig"}**). Furthermore, the CVAN4 plants also showed decreased photosynthesis, which was consistent with the reduced stomatal density. It has been proved that the increased ABA content and decreased stomatal density were accompanied by improved drought tolerance in mutant or transgenic plants. One mutant screened from a drought--resistant pool of *Arabidopsis* showed reduced stomatal density accompanied by higher ABA and proline contents ([@B86]). Similarly, overexpression of a *Medicago truncatula* cold-acclimation specific protein 31 (MtCAS31) contributed to enhanced drought tolerance, higher ABA content, and reduced stomatal density ([@B84]). Reduced stomatal density is also known to affect water and CO~2~ exchange and to further affect the photosynthesis system in plants ([@B29]).

*VaNCED1* Decreased Proline and SOD Contents in Grapevine
---------------------------------------------------------

Proline and SOD are two important factors that enable plants to cope with drought stress. Higher SOD activity and proline content contribute to better osmotic adjustment and ROS detoxification, which are important determinants of drought tolerance ([@B26]; [@B37]; [@B17]; [@B86]). In our study, the contents of proline and SOD were unexpectedly lower in the transgenic plants than in the WT plants under both normal and drought stress conditions (**Figure [7](#F7){ref-type="fig"}**). High levels of proline and SOD are generally believed to increase plant drought resistance; however, we suggested that proline and SOD contents are physiological indicators that reflect the extent of damage in plants, rather than drought resistance indices. The transgenic plants with better drought resistance exhibited lower levels of proline and SOD than those in the WT plants, indicating that CVAN4 and CVAN5 plants suffered less damage, compared to that in the WT after drought treatment. In contrast, the WT plants were more drought-sensitive, which led to high SOD and proline contents.

*VaNCED1* Plays an Important Role in the Water Stress Transcriptome Network
---------------------------------------------------------------------------

*VvAREB1* and *VvABF2* are two important transcription factors in ABA signaling pathways ([@B25]). It was reported that under drought stress, *VvAREB1* and *VvABF2* genes were significantly upregulated in five grapevine genotypes under high (−1 MPa) and severe (−1.5 MPa) stress levels ([@B87]). In our study, compared to the WT plants, the expression levels of *VvAREB1*, *VvABF2*, and *VvPIP2* were higher in the resistant transgenic plants (**Figures [8B--D](#F8){ref-type="fig"}**). Furthermore, a higher accumulation of gene transcripts was observed under drought stress, compared to that under normal conditions, suggesting that *NCED* required a stress signal to trigger a more significant drought response. This implied the contribution of *NCED* to the enhanced stress tolerance in the transgenic plants.

Under normal and drought conditions, there was no difference in *VvCBF4* expression between transgenic plants and WT plants. However, the *VvCBF4* expression increased in both transgenic and WT plants after dehydration treatment (**Figure [8E](#F8){ref-type="fig"}**). These results implied that in grapevine, *VvCBF4* can be induced by drought stress, but probably through a ABA-independent way. Same result was reported in a *Arabidopsis* mutant's *atx1* ([@B18]). The *CBF4* in *atx1* displayed ABA-independent and dehydration-inducible response. [@B87] also proved *VvCBF4* can be induced by drought stress in all five grapevine varieties they tested.

The relationship between ABA level and expression level of *VvABI5* was proved varied depending on their drought resistant ability in grapevine ([@B31]). The expression level of *VvABI5* in a drought tolerant genotype showed highly sensitive to dehydration, while in the sensitive genotype the *VvABI5* showed little respond to dehydration. *ABI5* also showed a compensation effect with *ABF1* and *ABF3* in *Arabidopsis* ([@B87]). Moreover, in our study, the expression level of *VvABI5* was highly induced by dehydration (**Figure [8F](#F8){ref-type="fig"}**), which is contrary to the expression pattern of *AtABI5* in *Arabidopsis*. The *AtABI5* in *Arabidopsis* is ABA-dependent, and can't be induced by drought stress ([@B9]). ABI was first cloned from ABA insensitive mutant of *Arabidopsis* ([@B21]). This gene family was then reported to be highly expressed in seed development ([@B24]), seed dormancy ([@B49]; [@B69], [@B67],[@B68]; [@B19]), and stomatal movement ([@B58]). In *Arabidopsis*, the *ABI3* was reported collaboratively regulate seed dormancy with WRKY41 ([@B19]). *ABI4* was recently confirmed to play key role in ABA and GA antagonism in seed dormancy in *Arabidopsis* ([@B69], [@B67],[@B68]). Moreover, a small ubiquitin-like modifier (SUMO) E3 ligase SIZ1 negatively regulates ABA signaling depending on *ABI5* in *Arabidopsis* ([@B49]). The SUMO T-DNA insertion mutations showed seed germination arrest and seedling primary root growth inhibition in seedlings.

Conclusion
==========

Cisgene transgenic technology is a powerful and clean tool for transferring genes between non-crossable species ([@B81]). New transformation protocols allow genes to be inserted into plants without marker genes remaining inside the genome. The results of this study suggested that *VaNCED1* might be a promising candidate gene to improve drought tolerance in sensitive grapevine.
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Amino acid sequence alignment of the deduced amino acids of ZSYNCED with NCED from *Vitis vinifera* 'Pinot Noir' PNNCED1 (VV78X205727.5). Black color denotes the homologous regions.

###### 

Click here for additional data file.

###### 

Regenerated putative transgenic grapevine plants in normal **(A)** and malformed plants **(B)**. Arrows indicate malformed cotyledon and root.
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